Abstract. This work deals with the effects of an expanded perlite (EP) on the hardened properties of air lime mortars with a 50% brick waste powder content. The influence of different substitution of quartz sand by EP is also monitored here. A relationship between EP content and physical-mechanical properties of mortar (flexural and compressive strength, pore system) and mortar frost resistance has been found. Very good contact between the binder matrix and EP surface was observed in microstructural images of mortars that conclusively exhibits the formation of products by pozzolanic reaction on the surface of EP. This work could be helpful for the establishment of the essential proportions of EP and quartz sand to be used in air lime mortars designed for restoration works.
Introduction
Lightweight aggregates are used in plasters to improve their acoustic and thermal insulation, or fire resistance [1] [2] [3] [4] [5] . Lessening the density of mortars often causes a strength reduction and porosity enhancement, which limits the utilization of the mortar. Expanded perlite, expanded clay, expanded glass, and hollow microspheres are lightweight materials that are pozzolan active and can therefore afford additional advantages in mortars by improving their mechanical properties. Nowadays, expanded perlite (EP) is used as a component of lightweight cement or lime-cement pre-mixed coating mortars fulfilling today hygrothermal requirements on buildings performance [6] . These materials are usually hydrophobized, consequently they show worse properties in the comparison with traditional lime mortars, mainly a limited moisture transport to the plaster surface. Application of these renovation mortars led to the shift of level of capillary rise above the renovated part of masonry [7, 8] . Recently, the application of EP in air lime mortars proposed for restoration works was reported [9] [10] [11] .
In this work, the influence of EP on the mechanical properties, microstructure and frost resistance of lime-brick powder mortars are investigated. Waste brick powder was used to improve the strength characteristics of lime mortar as a cement replacement due to the suppose applications of mortars in restoration works. It has previously been found that waste brick powder from skiving of heat-insulating brick is a material with very good pozzolanic properties and it has a great potential in lime mortars production [12] . According the latest results, the combination of EP and waste brick powder in lime mortars seems to be auspicious [13, 14] . The mixtures composition is given in table 3. The water:binder coefficient was different for each mixture to achieve a normal fresh mortar consistency (160 ± 5 mm). The composition of mortar mixtures considers the effort to prepare the lightweight mortars with sufficient strength, so the resulting binder/aggregate volume ratios are not constant. By reason of high water absorption of dry expanded perlite, this was immersed for 24 hours in water and subsequently mixed with dry mortar components. The prismatic moulds of size 40 × 40 × 160 mm were used for casting of the mortar mixtures. Hardened mortar samples were demoulded after 48 h and stored at ambient temperature (22 ± 2°C) and RH of 50 ± 5%. The mechanical properties of mortars were determined Table 2 . Mineralogical composition of raw materials obtained by XRD analysis (mass %). 
Materials and experimental procedures
SiO 2 Al 2 O 3 Fe 2 O 3 CaO MgO K 2 O Na 2 O P 2 O 5 TiO 2 SO 3 L.O.I.
Results and discussion
The bulk densities of reference mortars were considerably higher compared to the mortars with EP (figure 2) . The reference samples decreased the bulk density due to gradual drying over time. On the other hand, lightweight mortars slightly increased their bulk density over time due to the higher porosity of the samples and their easier carbonation. The strengths of mortars increased over time because of mortar hardening. The partial replacement of lime by brick waste powder resulted in improvements in the strengths of the mortar, the compressive strength particularly (figure 3). It agrees with the previous observation [12] . Hydrated products formed by pozzolanic reaction of the brick powder provided the higher strength of the modified lime mortar. The slightly lower strengths of the REF-L sample were also caused by higher amount of mixing water. The capability of the applied brick waste powder to utilization in lime plasters was thus confirmed. The lightweight samples with EP reached practically the same values of strengths as the reference samples but with the marked reduction in bulk density of the mortars. It can be stated that the strengths of lightweight mortars were almost independent on content of EP (just LBP-II sample showed slightly lower strengths). The effect of EP content on the values of strengths is out of accord to the previous observations on lime-brick powder plasters with expanded clay aggregate, where the strengths decreased with increasing amount of lightweight aggregate [15] .
Pore size distribution in the mortar samples, evaluated by MIP, is compared in figure 4 . The reference mortars included mainly large capillary pores with radii of 0.3 − 1 µm, which is typical of lime mortars. These mortars were evidently less porous than lightweight mortars (see table 4 ). The use of EP as an aggregate caused dramatically growth in porosity and also changed the pore size distribution in the mortars. The lightweight mortars contained a markedly higher proportion of larger pores with a diameter exceeding 1 µm. In all mortars with EP, a second growth of cumulative pore volume is present in an area of pore diameter between 0.01 and 0.1 µm. These smaller pores are commonly observed in cement mortars; they are formed by the network of CSH [3] . The presence of EP in mortars results in the development of a CSH gel network exhibiting an increased number of these small pores. This is therefore another proof of the pozzolanic reaction of EP with a lime binder. The volume of these pores is slightly higher in LBP-III sample, which may advert to higher content of CSH phases; this also correlates with the highest values of strengths of this mortar.
The open porosity of mortars (table 4) The lime-brick powder mortar with quartz sand/EP mass ratio of 1:1 (LBP-III) was rated, based on its properties, as the best among the studied mortars. For this reason, only the microstructure images of LBP-III mixture are shown in the paper ( figure 5 ). The microstructure of mortar samples was determined at 28 curing days by SEM. In the images, the typical microstructure of expanded perlite is observed -large porous amorphous objects. The crystals of calcite and CSH amorphous phases can be identified in the mortar matrix. The close contact between the mortar matrix and surface of EP in interfacial transition zone (ITZ) is clearly conspicuous in a more detailed image in the center of figure 5. Image in the right exhibits the formation of products of pozzolanic reaction on the surface of EP.
Conclusions
The effect of non-hydrophobized expanded perlite (EP) on the mechanical properties, microstructure, and frost resistance of blended lime-brick powder mortars is investigated in this paper. It has been observed that the partial replacement of lime by brick waste powder causes a slightly strength enhancement of mortars and reduces the amount of mixing water. The capability of the applied brick waste powder to utilization in lime plaster was thus confirmed. The application of EP in the mortar mixture is a positive factor: the lightweight samples with EP have practically the same strengths as the reference samples but with the appreciable reduction in bulk density. Expanded perlite significantly changes the pore size distribution in the mortars by the formation of large pores with a diameter between 1 and 10 µm and also medium capillary pores formed by the network of CSH. The usage of EP as an aggregate dramatically increases the open porosity of mortars resulted in improvement of their frost resistance. The lime-brick powder mortar with quartz sand/EP mass ratio of 1:1 (LBP-III), which was rated as the best among the studied mortars, has a very good potential for practical applications because its properties are expressly improved, as compared with the common lime render with quartz sand.
